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From  .a.. total  of: -300,000.  exposures  taken  In  an.  experiment  using  a 
30  inch. hydrogen. bubble  chamber  at  the  Argonne  National  Laboratory,  a 
sample  of  2613  events  of  the  type  w‘*'p  pr'Nr‘*‘Tr“  were  extracted.  All  of 
the  bubble  chamber  photographs  were  measured  by  the  PEPR  (Precision 
Encoding  and  Pattern  Recognition)  point  guidance  system.  The  data  was 
reduced  using  the  standard  TVGP,  SQOAW,  and  ARROW  programs. 

The  sample  of  four-prong  four-constraint  events  was  analyzed  under 
two 'separate  processes,  a cluster  analysis  using  the  rapidiigr  variable, 
and  a^.^odified  Prism  Plot  analysis  using  longitudinally  Lorentz  invar- 
iant parameters.  Results  of  the  two  analyses  in.  obtaining  a sample  of 
v+p  events  were  compared.  Total  cross  : sections  for  the  reac- 

tions. r-p  -►  pir*r+’«“  and  the.  partial  cross  section  for  the  A'H-p^ 
channel  were  given. 

Comparisons  between  the  Prism  Plot  data  and  the  predictions  of  the 
Dar-Watts-Welsskopf  - Absorption  Hodel  were.  made. . Spin  density  matrix 
elements  were  calculated  and  studied.  The  absorption  parameters  RCs) 
and  dCs)  were  determined.  Evidence  that  these  absorption,  radii  are  not 
Independent  of  the  exchange  mechanism  is  introduced. 
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A STUDY  0?  TEE  REACTIOJI 


WITH  INCOMING  PION  MOMENTUM  OP  5.8  GEV/C 


THOMAS  FRANCIS  RAMOS 


From .a..tot:al  of:. 300»000. exposures  taken  In  an  experiment  using  a .. 
30  inch. hydrogen. bubble  cheaiber  at  the  Argoane  National  Laboratory,  a 
sample  of  2613  events  of  the  type  iJ^p  ♦ were  extracted^  All  -uff-^ 

the  bubble  chamber  photographs  wejN^easored  by  the  PEPR  (Precision 
Encoding  end  Pattern  Recognition)  point  guidance  system.  The  data  was 
reduced  using  the  standard  TVGP,  SQUAW,  and  ARROW  programs. 


The  sample  of  four-prong  four-constraint  events  was  analyzed  under 
two 'separate  processes,  a cluster  analysis  using  the  rapidity  variable, 
and  av^odified  Prism  Plot  analysis  using  longitudinally  Lorentz  invar— 
parpii^ers.  Results  of  the  two  analyses  in  obtaining  a sample  of 
pTp  ' Total  cross  : sections  for. the  reac- 

tl'6ns.@p  -►  and  the.  partial  cross  section  for  the 


^iven.  , 

Comparisons  between  the  Prism  Plot  data  and  the  predictions  of  the 
Dar-Watts-Weisskopf  ' Absorption  Model  were.  made. . Spin  density  matrix 
elements  were  calculated  and  studied.  The  absorption  parameters  R(s) 
and  d(s)  were  determined.  Evidence  that  these  absorption  radii  are  not 
Independent  of  the  excliange  mechanism  is  introduced. 
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I INTRODUCTION 

f ’ • ■ • j 

As  a result  of  oany  experloental  analyses^  it  has  been  generally  under-*  ' 

stood  that  many  Interactions  involving  high  energy  particles  that  result  in  a 
' four. body  final  state  proceed  through  quasi  two-'body  intermediate  states.  For 
those  four-body  final  state  interactions  involving  a 5.8  GeV/c  positive  pion 
striking. a proton,  the  dominant  quasi  twor-body states* nre  thst'  of  the  A'^p^ 
channel  and  nucleonic  diffractive  dissociation.  This  thesis  discusses  I 

separation  of  the  channel  and  ■ studies -the  dynamics  of  .this  interaction  | 

• I 

from  the  point  of  view  of  the  peripheral  model.  | 

' 

The  setup  for  this  experiment  at  the  Argonne  National  Laboratory  is  i 

described  in  Section  II  of  this  paper.  The  process  of  data  reduction,  from 
. the  scanning  of  the  bubble  chamber  photographs  to  the  production  of  the  data. 

• m • ■ - * 

t summary  tape,  is  described  in  Section  III.  Additionally,  total  cross 

•f  -f  -f.  _ . - • ■ 

sections  for  the  reactions  w“p  are  given. 

• . 

There  are  several  models  that  may  be  compared  with  data  to  leaxnn  some— 

thib^  abo-ut  the  dynamics  of  hadron  interactions.  Applying  these  models  to  a 

sample  of  events  is  usually  a straightforward  matter,,  but  one  of  the  nos t d.t.f-  ^ 

* 

flcult  tasks  of  the  experimental  physicist  is  segregating  out  the  sample  of 
events  that  belong  to  the  channel  appropriate  to  the  model  from  the  many  otlicrr 
channels.  One  method  of  channel  separation  is- the  Prism -Plot  Analysis,  and 
it  is  discussed  in  Section  IV,  Another  method  of  channel  assortment  relies, 
on  separation  the  channels  by  their  distribution  in  tho  rapidity  variable. 

Although  the  channel  selection  process  of  this  method  is  not  quite  as  clean 
as  that  of  the  Prism  Plot,  it  provides  some  .tnsighV  iiito  the  kinematics  of 
the  four-body  state.  The  rapidity  analysis  is  discussed  In  Section  V.  \ 
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for  a given  channel  is  ' * - 

obCalned, . it  can  readily  be  applied  C6  test  the.  predictions  of  a theoretical  * 
nodel  of  the  Interaction.  Tn  this  paper » the  analysis  centers- around  a 
fiegge  pole  .exchange  Bechanisa  with  special  attention. -paid  to  the  Peripheral 

! 

Model. . In  section  VI*  there  is  a discussion  of  the  density  matrix  Introduced 
by  J.  D.  Jackson  and  K.  Gottfried.  Additionally,  the  Dai^atts-^Ualsskopf 
Absorptlm- Model  is  briefly  discussed..  In  section  VII  a comparison  is  made  . ' 
between  the*  data 'and  the  predictions  of  this  oodel.  - ^ . 


II  EXPERIKENTAL  SETUP 


A.  BACKGROUND 

The  data  used  JLn  this  paper  comes  from  an  experiment  done  in  September 
1968,  and  again  in  February  1970,  at  the  Argonne  National  Laboratory’s 
12.5,  GeV/c  Zero  Gradient  Synchrotron  (ZGS) , vhere  300,000  exposures  were 
made  of  a 5.8  GeV/c  positive  plon  beam  Into  the  30  inch  Hura  Hydrogen. 

Bubble  Chamber*  The  experimental  setup  has  been  explained  in  'great  detail 
in  several  previous  papers. [1-3] 

B.  ZGS  7*  Bl^l  LIKE 

• At  Intervals  of  about  three  times  each  four  seconds,  approxltaately  5Z  • 
of  the  primary  proton  beam  in  the  ZGS  was  deflected  at  an  angle  of  7*  to  8^, 
onto  a copper  target  [See  Figure  1].  Each  pulse  lasted  about  100  micro- 
seconds. Two  quadrupole  magnets  aligned  the  beam -into  a bending  magnet  that 
deflected  positive  particles  with  a monantum  of  approximately  5.8  GeV/c 
through  a nomantum  collimator  and  a set  of  electrostatic  separators.  The 

'n  * 

beam  ^ea  went  through  a second  bending  magnet  and  a similar  set  of  elec- 
trostatic separators.  For  the  final  bean  entering  tlic  bubble  chamber,  it 
was  estimated  that  the  proton  contamination  was  less  than  0.3Z.  Kaon,  nuon, 
and  positron  contamination  were  limited  to  0.7%,  1*3%,  and  0.-1%  respectively. 
The  magnetic  field  in  the  bubble  chamber  was  approximately  30  kilogauss,  [3] 


I 

I 


r 

III  DATA  REDUCTION 

A.  INITIAL  STEPS 

The  bubble  chaober  exposures  were  scanned  on  Image  plane  digitizer  (IPD) 
tables.  In  order  to  gain  reliability  in  momenta  measurements > a fiducial 
volume  was  chosen  which  required  all  outgoing  tracks  to  be  at  least  18  centi- 
meters long  in  order  for  the  event  to  be  accepted.  An  event  occurring  within  - 
this  fiducial  yoltme  was  marked,  by  a scanner  for  digital  recording  at  the  . .'.'.I 

. vertex » along  the  incoming  baam  track>  and  twice  along  each  outgoing  track.  \ ^ 

' In  the  case  of  the  incoming  beam  track  being  clustered  within  2 mm  of  another 
beam  track*  a separate  beam  track  in  the  frame,  outside  the  cluster,  was  ' i 

measured; to  determina  the  incoming  bean  momentum.  ' This  inforsiatloh  was  , . ■ . _ j 

punched. on  cards  and  fed  into  a digital  computer. for  recording.  . - 

Precise  measurement  of  track  parameters  was  accomplished -.througb  use  of  * 
the  PEPR  system  developed  at  HIT.  • Using  the  guidance  input  provided'  by  the 
scanners,  PEPR  measured  and  recorded  the  x and  y coordinate's  .of  up  to  twenty 
point^  per  track  to  within  about  50  laa.'  This  information  was.  recorded  for 
each  of  the  three  camera  views  onto  three  separate  magnetic  tapes. ^4]  The 
PEPR  output  was  used  by  a program  called  TRIMERGE  to  match  the’ three  tracks 
of  each  particle  and  to  merge  the  three  separate  measurements  of  PEPR  onto  . - 
a single  record.  [5] 

B.  FITTING  PROGRAMS  ' ^ “ ! 

■ i 

The  Three  View  Geometry  Program  (TVGP) , written  at  the  University  of  j 

California  (Berksly)  and  modified  at  the  University  of  Maryland  was  used  to  . j 

I 

reconstruct  the  tracks  into  three  diaecsional  space. [6]  The  fits  done  for 
tracks  vers  obtained  by  using  the  proton  or  pion.  mass-  for  positive  tracks. 
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and  the  plon  mass  for  negative  tracks.  ■ 

The  three  dlasnslonal  tracks  were  kinematically  fitted  as'  particles  by 
the  SQUAW  program*  which  also  originated  at  the  University  of  California 
(Berkely)*  and  was  modified  at  the  Argonne  National  Laboratory  and  the 
University  of 'Maryland.  [7]  The  incoming  pion  nonentun  used  to  do  the' 
klnematical  fitting  was  obtained  from  a beam  map.  This  was  done  since 
momenta  measurements  based  on  track  curvatures  are  highly  susceptible  to 
error.  The  beam  map  was  essentially  obtained  by  fitting  four— prong  events 
..with  a four  constraint  hypothesis,  starting  with  an.  average  value  of  the 
beam  momentum. . Since  four  prong  four-constraint  events  usually  have  lower 
energy  outgoing  particles,  their  momenta  can  be  more  easily  measured.  Also, 
four-prong  events  with  four  constraints  would  provide  a relatively  better 
measure  of  particle  momenta  than  four-prong  events  with  less  than  four 
constraints^  Those  four-prong  events  that  successfully  met  the  four-constraint 
fit  were  then  used  to  provide  a new  average  monaatum.  The  process  is  repeated 
uslng^the  successfully  fitted  events,  until  the-  probability  distribution  of  the 
events  is  flat;  [Fig,  2}  The  sharp  spike  near  zero  occurs  since  XYGP  treats 
all  errors  as  gaussian  distributed  .when  in  fact,  they  are  not. 

The  SQUAW  program,  with  each  fit,  attempts  to  mlatraize  a value  defined 


by 


= I (x!-X°)  A. . (xf-x”) 
i,j«l  ^ i J ^ ^ 


where  n is  the  number  of  variables,  xf  ® fitted  variable,  x™  is  the 
corres'pondlng  measured  variable,  and  is  an  element  of  the  inverse  of 
the  error  matrix  for  the  measured  variables.  .An  acceptable  value  of  is 


usually  less  than  six  times  the  number  of  constraints  In  a fit  [33 , 
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The  SQUAW  output  carried  a maxlmuB  of  nine  hypothetical  fits  per 
event*  The  following  table  is  a listing  of  events  that  had  laore  than 
one  successful  SQUAW  fit: 


EVENT  TYPE 
PUT  ON  DST 


ALTERNATE  HYPOTHESES  ADDED  BY  SQUAW 


T pT  V ISS 

(meson) 

TT  mr  TT  TT  cua 

(baryon)' 

■ TABLE  1 ' . . • ; ^ : 

Events  of  the  last  two  types  have  no  other  SQUAW  fits  because  hypo- 
theses with  zero  constraints  are  the.  last  to  be  -selected- oi^Co  the  data 
stid^ry  tape.  ' . 

C.  SELECTISS  EVENTS  , . ' - ' 

The  SQUAW  output  was  checked  by  a modified  version  of  the  A?*SOW  program  i 
called  ARROWN.  The  program  selectively  rejected  ev^ts  with  greater  , 
than  six  times  their  number  of  constraints.  Ionization  errors  ware  also 
checked  by  ARROWN  by  use  of  the  variable  defined  by  ' ' 

a » .-i-  ? (S'^-q/log  i. )»  . - 

N-1  1 ^ T 

' 

where  N is  the  ntrcber  of  tracks,  0 is  the  usual  ratio  of  the  particle 
velocity  to  the  speed  of  light,  i Is  the  bubble  density  of  the  track, 
and  q is  varied  in  order  to  minimize  a 11,2,3].  Any  particle .nlsldentlfied 
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by  SQUAW  would  have  a discrepancy  becvesn  its  predicted  and  measured 
I ionizations,  causing  the  Blnlcua  value  o£  a to  become  greater.  As  with 

T 

earlier  experiments  using  the  Argonce  National  Laboratory's  bubble  chamber, 
an  upper  limiting  value  of  .03  was  set  for  o [8-11].  The  Ionization  of 
tracks  in  approximately  one  hundred  events  were  hand  measured  and  were 
found  to  reasonably  correlate  to  the  ionization  values  given  by  the 
AEROWh  program. 

Obvious  discrepancies  such  as  an  incorrectly  identified,  proton  track 

would  also  cause  ARSDWN  to  reject  an  event.  Events  that  had  more  than 

one  successful  fit  had  only  the  first  three  fits  with  the  highest  number 

of.  constraints  written  onto  the  Data  Sttaaaty  Tape,  the  output  of  AEBOMIJ, 

For  events  witli  more  than  one  successful  fit  the  following  format  was 

■ * 

. used:  a four  constraint  fit  was  chosen  over  a fit  with  three  constraints, 
a three  constraint  fit  was  chosen  over  a one  constraint  fit,  and  a one 
constraint  fit  was  preferred  over  a fit  with  no  constraints. 
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IV  CROSS  SECTIONS 


A.  GENERAL 

Tha  plon  flux  was  obtained  by  taking  a track  count  on  every  hundredth 
fraae  and  averaging  the  count  over  the  entire  experiaent.  It  was  found  that 
only  65Z  of  the  four  prong  , events  scanned  on.  the  IPD  tables  were  on  the  DST, 

where  they  were  lost  from  system  error,  failure  to  make  any  SQUAW  fits,  or 

• ' . • - • 

were  reject^  by  ARROW  for  falling  ionization  criteria.  'Assuming  that  each, 
four  prong. channel  had  an  equal  probability  of  loss'ee  during  reduction,  a 
factor  of  .65  was  used  to  correct  for  four  prong-4  constraint  event  losses. 

B.  VISIBIUTI  ANGLE 

An  important,  source  of  errors  Is  the  misldentificatlon  of  events  by 
the  scanners  because  one  or  more  particles  in  the  interaction  had  components 
of  their  velocity  almost  perpendicular  to  the  observation  glass  of  the 
bubble  chamber.  Identification  prejudices  due  to  this  effect  'can  be 
defeminad  by  an  analysis  of  the  visibility  angle,  0y,  defined  aa; 

• I'Hc  * l^lnc 

r . - is  the  momentum  vector  of  the  incident  pion,  k is  a unit,  vector  in 

inc 

the  direction  of  tLe  observation  window,  and  S is  the  momentum  Vector  of  j 
the  slowest  particle  in  tbs  reaction.  An  event  with  0^*0®  Is  one  in  which 

A 

tha  slowest  particle  traveled  in  the  k direction.  The  distributiouv  of  6^ 

for  this,  experiment  is  shown  in  Fig,  3.  As  can  ba  seen,  there  Is  a . 

definite  decline  in  the  event  count  in  the  regions  I4®>e^>166  , for  the  ir’" 

events.  Since  the  6 distribution  should  be  isotropic,  it  can  be  deter— 

V 

mined  that  the  data  lost  approximately  AZ  of  its  events,  necessitating 
an  Increase  In  the  number  of  events  by  a factor  of  1.04. 
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! C.  CROSS  SECTIONS 

Xh«  valutt  for  the  hydrogen  density  used  In  the  cross  section  calcu- 
' latlons  Was  .0615t«001  gm/ca^*  The  length  of  the  fiducial  volume  used  was 

26.21.35  cm.  Although  this  paper  is  concerned  with  p Interactions » data 
analysis  for  an  identical  experiment  involving  v^p  Interaction  van  also  done. 

( 

1 

The  results  are:  ' | 

pr^'r'N’"  : 2613  events  or  2.21-1.12  tab 
» p -►  pir*’ : 1856'  events  or  1.39-'1.08  mb 

Invariant  mass  distributions  for  various  combinations  of  the  Interaction 

■ . * . 

■ 

particles  in  the  v p reaction  are  shown  in  Tigs.  A to  9.  As  can  be  seen 
from  Figs.  4 and  .5>  tte  resonance  is  very  pronounced.-while  the  A**  is  • 

, barely  discernible  above  the  background.  There  are  also  strong  Indicators 

• . • • . • • 

t of  and  f^  production  [Fig.7).  There  is  also  some  indication  of  A meson  * 

production,  with  the  strongest  enhancement  in  the  A2  region  [Fig.  9]. 


V PRiSM  PLOT  ASALTSIS 

The  A chaanal  analysis  In  this  paper  was  based  on  events  channeled 

» 

by  a variation  o£  the  Prism  Plot  Analysis  done  by  Patrick  A.  Miller,  a 
graduate  student  with  the  Laboratory  for  Kuclear  Science  [18]  • The  Prism 
Plot  Analysis  Involves  the  procedure  of  sorting  out  the  various  Intermediate 
states  that  lead  to  the  final  state  seen  In  the  bubble  chamber,  such  as 
»*p  pv*’v'*V‘.  In  the  Hiller  version,  the  ordinary  prism  plot  coordi- 

nates were  replaced  with  a.  sec  of  longitudinally  Lorentz  Invariant  varl— 

. • • • 

ables. 

These  variables  are  composed  of  the  energy,  E,  and  longitudinal 


momentum,  p . The  Lorentz  tracsforaaClon  for  these  variables  Is 
- L . : 


where  K » / (1-8)/ (1+8)  , aad  v/c*-  • . 


Then  we  sea  that  the  quantities  q are  Lorentz  invariant  where. 


q"j,  - ^1  ± PLj 

(E  + PL) 


Tot 


It  is  found  that  particles  arising  from  different  intermediate  states 
will  tend  to  occupy  different  regions  of  phase  space..  This  is  in  fact 
the  case,  although  the  regions  occupied  by  the  various  Intermediate  states 
overlap  [19,20,21].  Briefly,  the  Prism  Plot  Aivaly.sis  plots  real  events 
into  a 3N-5  dimensional  kinematic  space;  N being  the  number  of  particles 
in  the  final  state.  For  each  intermediate  state  it  then  produces  a large 
number  of  events  having  general  kinenatical  properties  of  that  particular 
channel,  and  plots  them  together  with  the  real  events.-  The  plotted*  space 
is  broken  up  into  arbitrarily  small  bores.  Each  real  event  is  then  given 


■i; 


• is 


^ I 


11 

ii 


- 1 


1 j 


-14- 


M probability  weight  for  each  channel  based  on  the  number  and  type  of 
generated  events  that  occupy  the  box  it  Is  in.  These  so-called  'tagged* 
real  events  then  provide  a production  angular  distribution  for  each 
channel  which  is  used  to  generate  events  again,  and  the  process  is  repeated. 
This  Iterative  process  continues  until,  the  distribution  of  events  in  each 
chaxmel  reaches  a constant  fora,  which  usually  occurs  after  ten  to  twenty 
Iterations.  Vhen  the  analysis  is  finished,  each  eventrearries  a weight 
for.  belonging  to  each  Intezmadlate  state.  The  sum  of  all  weights  for  a 
channel  then  gives  the  total  number  of  events  in  the  channel ' [3]  i.  Of  the 
2613  four  prong-four  constraint  events  on  the  DSI,  Hr.  Hiller's  Prism  Plot 


Analysis  found  876  events  to  be  in  the  channel  »^p  -►  p®,  giving  a 


partial  cross  section  for  this  channel  of  .740  ± .090  mb.  Figure  10  ' 


shows  the  invariant  ^ss  distributions  of  the  pir  and  the  v ir  sorted 


out  by  this  process. 


VI  RAPIDITY  ANALYSIS 


A.  RAPIDITY 

If  a plon  strikes  a proton  in  a bubble  chamber  and  Interacts  to  form  one 
or  more  resonances,  we  would  expect  to  find  the  decay  products  emerge  from 
the  interaction  in  clusters  of  particles  corresponding  to  the  respective 
resonances.  One  method  of  analysing  the  clustering  of  particles  is  by  means 
of  their  longitudinal  velocity.  This  is  because  particles  of  a cluster, 
except  for  differential  velocity  acquired  in  the  decay  process,  would  have 
the  same  velocity  as  the  entire  cluster  in  the  limit  where  the  sum  of  the 
particle  masses  is  the  cluster  mass.  An  ideal  variable  for  this  purpose  is 
rapidity,  usxwilly' labelled  y,  defined  as  • ...... 

yl  ln|lE+pl/lE-p]|  - i In  [ tl+e3/Il-33  1 

2 2 • ■ 

where  E,  p,  and  B are  the  particle's  energy,  longitudinal  momentum,  and 

longitudinal  velocity  ratio  respectively.  Rapidity  suits  our  purposes  well 

here 'since  the  momentum  of  a particle  is  proportional,  to  its  mass.  Rapidity 

has  the  Lorentz  invariant  proparty,  . 

dy  " dp/dE.  ' 

It  therefore  transforms  like  a Galilean  velocity.  In  other  words,  a 
rapidity  distribution  w,ill  have  the  sacs  shape  in  any  Lorentz  frame  along 
the  longitudinal  axis.  • 

B.  CLUSTER  DEFISITIOSS 

There  are  two  general  ways  of  defining  clusters  based  on  rapidity  [12, 
13,14].  Since  this  paper  is  concerned  with  only  the  channel,  only 

intermediate  states  having  two  clusters  were  considered.  In  method  one,  all 
the  final  state  particles  are  combined  in  every  possible  combination  that 
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will  provide  two  clusters.  The  rapidity  of  one  hypothetical  cluster  Is 
compared  with  Its  corresponding  partner.  That  combination  that  provides  the 
largest  gap  in  rapidity  between  the  clusters  defines  the  two-  clusters  for  a 
given  event.  In  method  two,  the  particles  are  ordered  with  respect  to  their 
rapidities  and  the  rapidity  gap  between  each  set  of  two  particles  Is  measured. 
Particles  on  either  side  of  the  largest  gap  are  then  defined  as  composing  the 
two  clusters.  In  the  following  sections  only  clusters  arrived  at  by  method 
two  will  be  used.  To  clarify  -terminology-,  a two  by  two  cluster  grouping 
represents  an  event  with  the  gap  between  the  second  and  third  .particle,  while 
a one  by  three  grouping  Is  one  with  the  gap  between  the  first  and  second 
particles  or  the  third  and  fourth  particles.  Cluster  distributions  based  on 
the  two  methods  discussed  above  do  not  differ  greatly^  The-  distributions  are 
shown  In  the  table  below: 

CLUSTER  B 


21SrH0D_2 
(METHOD  1) 


TABLE  2 
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To  test  whether  the  clusters  defined  above  actually  show  signs  of  inter-  - 
mediate  state  resonances  we  can  look  at  the  invariant  mass  plots  of  the  2x2 
clusters.  .The  and  clusterings  should  be  dominated  by  and  p'*. 

Method  2 provides  a larger  sampling  of  events  in  these  groupings,  and  when 
looking  at  the  Invariant  mass  plots  (See* Fig.  11)  of  these  -groupings  we  see 
that  they  are  Indeed  dominated  by  the  and  p**  resonances.  .. 

, nie  question  should  arise  that  if  the  Prism  Plot  Analysis  discussed  in 


Section  V provides  relatively  clean  samples  of  the  various,  channels,  than  why 

discuss  a rapidity  analysis?  The  answer  is  that  for  a three  body  final  state, 

each  iteration  of  the  analysis  can  take  an  IBM  360  Computer  up  to  2 hours  to 

run..  The  time  is  longer  for  higher  multiplicity  states.  Additionally, 

tagging  routines  for  multiplicity  states  of  the  order  of  six  or  above  have 

yet  to  be  developed.  For  practical  reasons  then,  i.e.,  lack- of  time  or  fimds, 

it  may  not  be  feasible  to  conplete  a prism  plot  analysis  fox  a set  of  data.  ■ ’ 

It  is  the  purpose  of  this  section  to  demonstrate  that  a reasonably-  clean 

• * * • .* 

sample  can  be’  obtained  through  rapidity  analysis.  In.  a later  section  we  wll3 

■ \ ■ ...... 

see  that  there  is  reasonable  agreement  between  clustered-  and  tagged  events 


when  their  mass,  distributions  are  compared, 
c.  THE  Sample 

Figures  12a  through  d show  the  rapidity  distributions  in  the  CM  frame,  ' 
for  each  of  the  final  state  particles  in  all  the  four  prong-fo*ar  constraint 
evante.  It  is  easily  seen  that  the  leading  postt3.ve  pion>  defined  as  the 
plon  with  the  greater  longitudinal  velocity,  invariably  emerges  in  the 
forward  direction  while  the  proton  invariably  emerges  in  the  backward 

I 

direction.  However,  fully  4/5  of  the  slower  positive  pions  lie  In  the 
negative  rapidity  region  while  only  about  1/2  of  the  negative  pions  He  in 
the  positive  rapidity  region.  A study  of  those  four  distributions  can 
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reveal  several  features  of  the  interaction.  Because  of  the  greater  number 
of  particles  vlth  negative  rapidit]r  one  could  properly  surmise  that  the 
amplitude  of  nucleonic  diffractive  dissociation  (DD)  Is  greater  than  that 
for  plon  diffractive  dissociation.  It  is  also  apparent  that  the  re- 
sonance events  outnumber  the  events.  The  prism  plot  analysis  confirms 
these  hypotheses.  In  any  case,  the  A can  come  from  a proton  (DD)  channel 
as  well  as  the  A'^p*'  channel,  and  the  p*'  may  also  come  from  A meson  decay. 

It  is  one's  major  task  then  to  isolate  events  that  give  rise  to  these 
resonances  into  their  proper  channels. 

From  kinematical  considerations,  ve  would  expect  that  quasi-two  body 
intermediate  states,  in  which  both  intermediate  particles  themselves  decay 
into  two  particles,  would  provide  most  of  the  events  in  the  two  by  two 
particle  cluster  groupings.  By  a previous  argument  we  would  expect  the 
A^p*^  sample  to  be  small.  Therefore,  we  would  expect  to  see  and  f'' 
mesons  in  the  invariant  mass  of  the  2x2  group.  As  shown  in 

Flgus^  11.,  there  is  indeed  a p^  enhancement  but  very  little  if  any  f meson. 
This  can  be  explained  by  the  fact  that  because  of  the  great  mass  of  the  f^, 
the  decaying  plons  will  carry  much  greater  kinetic  energy.  Since  the  f^ 
decays  with  an  angular  distribution  proportional  to  008*^8,  where  6 is  the 

polar  angle  in  the  Gottfried-Jackson  frame  of  the  f:^,  vc  would  expect  a 

» 

majority  of  the  decaying  plons  to  have  either  extremely  high  or  low  longi- 
tudinal momenta,  with  a correspondingly  large  difference  in  their  rapidities 
say  on  the  order  of  2.0.  Because  their  momenta  are  relatively  much  greater 
than  those  of  the  plons  from  o'*  decay,  the  rapidity  of  the  backward  pion  is 
closer  to  the  rapidities  of  the  A"*^  decay  products  than  to  its  sister  plon. 
In  a rapidity  analysis  it  would  then  show  up  as  a three  by  one  cluster  group 
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We  now  have  a fairly  clean  sample  of  448  events.  Where  are  the 

other  450  events  discovered  In  the  Prlso  Plot  Analysis?  Let's  look  at  the 
In  its  rest  frane  and  define  the  polar  axis  as  the  direction  of  the  Incoming 
beam. 


The  rapidity  of  the  p®  is  greater  than  that  of  the  since  the  p® 
emerges  from  the  beam  plon  vertex  while  the  A emergea  from  the  proton  vertex. 

(Fig.  14)  Therefore^  plons  decaying  from  the  p®  should  have  a rapidity 
greater  than  either  of  the  decay  products  of  the  A • and  we  would  see  a two 
by  two  clustering.  Figure  13  shows  the  distribution  of  cos  0 for  this  group, 
and  we  see  that  It  contains  a higher  proportion  of  events  with  ir/4<0<37r/4 . 

The  missing  events  then  are  those  with  small  6,  which  show  up  as  a three  by 
ohe^clusterlng. 

Aere  are  three  types  of  three  by  one  cluster  groupings,  and  they  can 
be  defined  by  their  respective  one  particle  clusters.  The  three  types  then  ■ 
are  the  proton  alone,  negative  plon  alone,  and  positive  plon  alone.  As  might 
be  expected,  the  proton  alone  groupings  show  A meson  production  and  very 
little  of  anything  else.  (Fig.  13)  It  now  remains  to  analyze  the  other  two 
types. 

D.  n“  CLUSTER  GROUPING 

It  turns  but  that  the  ir“  cluster  grouping  provides  a rich  sample  of 
A'^^p®  channel  events.  (Fig.  16)  Clearly,  this  cluster  grouping  represents 
events  in  which  the  vector  meson  of  the  upper  vertex  decayed  with  a negative 
plon  in  forward  direction.  If  we  compare  these  data  with  the  cluster 

I 
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grouping  mass  plots  (Fig.  17) , ve  see  that  the  grouping  la  relatively 
cleaner.  This  Is  Co  be  expected  since  there  are  more  channels  that  can 
possibly  compete  In  events  with  the  v alone. 

There  remains  the  matter  of  separating  the  f®  from  the  p®  events.  A 
mass  cut  can  be  used  to  accomplish  this , but  a slightly  cleaner  cut  can  be 
obtained  by  making  a rapidity  cut.  This  is  done  by  plotting  the  rapidities 

i 

of  V V systems  that  make  up  the  mesons  (Fig.  18).  Since  the  p®  la  the  | 

lighter  of  the  two  mesons  its  rapidity  will  be  greater > with  a lower  edge 
about  the  value  .7  (see  Fig.  14).  Figure  19  shows  the  Invariant  masses  of 
the  « ir  and  pn  systems  after  this  cut. 

E.  V*'  CLUSTER  GROUPIh^G 

As  shown  in  Fig.  16 » the  & p®  charnel  clearly  dominates  the  v*"  alone 
cluster  grouping.  However,  a look  at  Fig.  17 ..will  show  that  this  is  not  the 
case  with  the  alone  cluster  grouping.  The  nucleonic  DD  channel  especially, 
shares  this  cluster  grouping.  Now  in  reality,  the  & P®  channel  Is  a 2x2 
cluster  grouping  and  proton  DD  Is  a 3x1  cluster  grouping,  so  we  might 
suspect  that  3x1  cluster  groupings  in  which  the  three  particle  width  is 
greater  than  the  cluster  gap  Itself  might  indeed  be  a 2x2  cluster  grouping. 

Therefore,  events  were  selected  that  either  had  a three  particle  rap- 
idity width  greater  than  the  cluster  gap,  or  had  a cluster  gap  less  than 
1.0  in  rapidity. 

The  Invariant  mass  distributions  for  the  total  selected  events  are 
shown  in  Figure  20.  One  seas  that  the  cut  sample  is  indeed  a fairly  rich 
source  of  A p®  events.  With  this  final  rut,  a sample  of  about  800  events  i 

had  been  accumulated  for  further  study.  | 


* . J 

VII  THE  ONE  PARTICLE  EXCHANGE  PROCESS 

* . * 

A.  THE  PERIPHERAL  MODEL 

Aa  examination  of  the  rapidity  distributions  of  the  and  p*’  In 
Figure.,  shows  that  In  these  Interactions  [in  the  center  of  mass  frame],  ' 

the  meson  predominantly  scatters  forward  and  Che  haryon  scatters  backward. 
Observations  pf  many  other  types  of  Inelastic  interactions  has  shoxm.  that  It 
is  generally  true  that  the  secondary  particles  will  form  two  clusters  of 
particles,  associated  with  the  primary  beam  and  target  particles.  This 
observation,  plus  the  Indications  that  many  Inelastic  reactions  proceed  via 
intermediate  states,  has  led  to  Che  development  of  the  peripheral  .model  for 
strong  interactions* 

. •*  The  model  proposes  that  the  Interaction  particles  do.  not  collide  head 

on,  but  glance  at  each  other  without  significantly  changing  their  directions. 

The  model  would  say  that  the  incoming  plon  Interacts  with  the  plon  cloud 
surrounding  the  proton,  rather  than  with  the  proton  Itself;  The  interaction 
is  s^d  to  be  dominated  by  the  exchange  of  a virtual  particle,  and  can  he 
depicted  by  the  Feynman  diagram  shown  below. 


Here,  a and  b are  the  incoming  and  target  particles  respectively,  c and  d arc 
the  Intermediate  resonances  of  the  upper  and  lower  vertices,  e is  the 
exchange  particle  and  t Is  the  four-momentum  transfer. 
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B.  THE  EXCHANGE  PARTICLE 

For  the  particular  case  under  study  here.,  a is  the  beam  plon,  b is  the 
proton  target,  c the  rho  meson,  and  d is  the  delta  baryon.  The  quantum 
numbers  of  the  exchange  particle  can  bs  deduced  from  conservation  laws. 
Since  the  G-parlty  of  a pion  is  negative  and  the  G-parity  of  the  rho  is 
positive,  the  exchange  particle  must  have  a negative  G-parlty.  Its  charm 
and  strangeness  are  zero  since  neither  the  pion  nor  the  rho  are  charmed  or 
strange  particles.  Conservation  of  Isospin  requires  the  exchange  particle 
to  have  an  isospin  of  0,1  at  the  upper  vertex,  and  an  isospin  of  1,2  at 
the  lower  vertex,  therefore,  we  see  its  isospln  is  1.  A quick  look  in 
the  the  Rosenfeld  Tables  will  show  that  only  pions  and  the  meson  meet 
these  requirements. 

The  peripheral  model  deals  with  long  range  forces  as  for  example 
the  form  of  the  Yukawa  potential,  exp(-r?r/r),  where  the  range  of  the 
force  is  inversely  proportional  to  the  mass  of  the  cocchange  particle. 
We''mlght  suspect  then  that  the  lighter  pion  would  be  the  primary  exchange 
particle,  and  indeed,  as  we  will  see  in  the  data,  it  does  dominate  the 


exchange  process. 

C.  DENSITY  ILATRIX  ELEIEIIXS 

The  decay  angular  distributions  used  in  this  study  were  derived  by 
Pllkuhn,  et.  al.[15}.  For  a resonance  with  J=l, 

W(cose,$)  “lx  ) + i(3p-»“l)eo&^0 

4 2 00  2 Ov 

-p  sin  ecos24i  “ /2  Rep  sin20cos(>}, 

1,-1  1,0 
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For  a resonance  with  J>3/2» 


W(cos9,(^) 


I » {|(l+4p23)  + |■(l-4p33)cos20 


- — Rep  810^600321^  - — Rep  sln26cos^). 

/a  ^3 


In  these  equations,  represents  the  density  matrix  element.  Let  (u>  be 

the  pure  spin  states  which  contribute  with  weights  q^  to  the  quantum 

mechanical  mixture  of  a resonance^  p is  defined  then-  by  . 

• P"  Z Iu>q  <uj  with  Zq  “ 1. 
u u u u 

The  subscripts  of  p refer  to  the  (2J4-1)  eigenstates  of  the  Z components  of 

the  spin  operator  of  the  resonance,  p is  then  a (2J+1)  dimensional  matrix 

. pv 

with  the  elements 

p » <pjp}v>  = E<pju>p  <u|v>  . 
pv  u u 

We  see  then  that  p^^  is  the  weight  with  which  the  state  jm>  is  contained  in 
thc''nlxture.  A derivation  of  the  density  matrix  is  given  in  a paper  by 

'V  . 

J<  D.  Jackson,  et.  al.  [15]  and  an  elegant  explanation  of  the  properties  of 
density  matrices  are  given  in  a lecture  by  N.  Schmitz  and  M.  Pilkuhn  [16]. 

Our  purpose  hare  is  to  understand  the  basic  properties  of  the- components  of 
the  density  matrix  and  their  use  in  understanding  the  dynamics  of  high  energy 
interactions. 

The  density  matrix  has  two  general  properties  pertinent  to  this  investi- 
gation. The  first  property  is  that  the  density  matrix  is  normalized,  that  is, 

E p " Tr  p - 1 . 

P 

A second  property  steins  from  conservation  of  parity.-  For  an  unpolarized 
incident  beam 
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This  property  holds  because  the  matrix  is  hennltlaa.[l71  This  relatloa  is 
equivalent  to  stating  that 


P - P 
PU  -P-P 


D.  P8ED1CTI0NS  OF  THE  ONE  MKOH  EXCHANGE  (OME)  MODEL  BASED  ON  DENSITT  MATRICES, 
Consider  the  production  of  the  rho  meson  at  the  upper  vertex  of  the 
diagram  drawn  in  Section  A.  The  process  can  be  shown  schematically  In  the 


diagram  below.  With  the  particles  shown  In  the  form  (J^) 


(O"). 


L 


(j/*) 

e 


p^d") 

Earlier  it  was  shown  that  only  two  mesons  could  be  the  exchange  particle  In 
order  to  conserve  parity,  angular  momentum  and  Isospln,  and  these  were  the 
plon  and  the  A2  meson.  Let's  check  how  these  mesons  will  affect  the  density 


matrix.-. 


Case  of  2*  exchange  particle  (A^) 


^toa  conservation  of  angular  momentum,  L**!,!,!  and  L^“0.  Parity 


conservation  requires  L to  be  even.  Conservation  of  gives 


From  the  definition  of  the  density  matrix 


p ■ ■ I ■<u|p>'‘^p 
PP  u ' tt 


The  Clebsch-*Gordon  coefficients  for  these  calculations  gives  the  values 


'’Op  • %0 


0.  Again,  using  the  normalization  condition. 


"11  ■ I 


"ll  *1 


The  value  of  p^^  is  arbitrary. 


Case  of  0 exchange  particle  (it  ) 


From  conservation  of  angular  momentum,  L*>1  and  L *”0,  therefore, 

z 


-25- 


parley  is  also  conserved  since, 

P(«+)  ?(«+)  (-!)*•  - P(pO)  - -1. 

Conservation  of  the  z cooponent  of  angular  momentum  will  allow  only,  a 
states  equal  to  zero,  that  is. 


jn>  |±1>  are  not  allowed. 


Therefore, 


<•±1..  ■ ‘’m.tl  * '’• 

Since  the  trace  of  the  density  matrix  must  equal  unity,  it  follows  that. 


PQO  • 


Case  for  the  Lower  Vertex. 


As  a final  calculation  we  can  determine  the  values  of  the  density 

• • • . * . • /:  * * 

matrix  elements  for  the  lower  vertex.  The  schematic,  diagram  for  the  re~ 
action  would  appear  as  follows: 


since  xhe  proton  has  spin  1/2,  prealctlons  for  the  density  matrix  elements 

can  be  made  uniquely  only  for  the  case  of  a spinless  exchange  particle. 

Therefore,  only  the  case  of  the  pion  exchange  will  be  considered.  Con-’' 

servatlon  of  angular  momentum  gives  L«l,2  and  L <■0.  Parity  conservation 

requires  L to  be  odd.  Conservation  of  L requires  m»^l/2,  which  equals 

z 

the  z component  of  the  proton's  spin. 

p - P..  “1  <±3/2|u>^  p » 0. 

s»±3  ±3,m  « 

(The  subscripts  have  been  multiplied  by  two  to  simplify  notation).  Again, 
from  the  normalization  condition. 
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Vin.  THE  ABSORPTION  M(H)EL  OF  DAR-WA7TS-VTHISSK0PF 
A.  AH  ABSORPTIVE  MODEL 

Figure  22  shows  that  the  cross  section  of  the  reaction 
becomes  strongly  attenuated  for  larger  values  of  t,  the  tuomentum  exchange. 
As  explained  earlier,  the  Peripheral  nodel  suggests  the  mechanism  for  this 
reaction  is  plon  exchange  with  the  beam  particle  glancing  past  the  perl- 
pherality  of  the  target.  However,  the  node!  does  cot  suggest  a strong 
dependency  upon  t,  and  therefore  fails  tc  explain  the  strong  attenuation 
in  cross  section  as  t Increases.  Attempts  to  fit  this  phenomenon  by 
using  form  factors  have  proven  unfruitful  [25].  However,  fairly  good 
fits  for  the  cross  section  dependence  upon  t have  been  given  by  an  Idea 
generally  known  as  the  absorption  code!  [15].  Qualitatively,  the  absorp- 
tion model  states  that  for  higher  energy  inelastic  collisions,  there  are 
many  channels  which  the  colliding  particles  can  follow.  These  channels 
compete  with  each  other,  and  specifically,  cause  the  cross  section  of  the 
A"*^ p°^channel  to  be  reduced,  iince  t is  Inversely  proportional  to  the  im- 
pact parameter,  b,  we  again  tee  from  figure  22  that  thu  absorption,  effect 
becomes  stronger  for  smaller  b.  How  b is  related  to  angular  momentum  J by 
the  relation. 

We  would  expect  then  that  mainly  partial  waves  with  anall  orbital  angular 
momenta  vould'feel  the  effects  of .absorption  most  strongly  [16]. 

We  see  then  that  the  density  matrix  elements  that  were  calculated  in 
the  previous  section  oust  take  account  of  the  t dependence  of  the  cross 
section.  This  is  so  because  larger  production  angles  will  correspond  to 
larger  t. 
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B.  A NEW  ABSORPTION  MODEL  FOR  HADRON  COLLISIONS  - 

The  differential  cross  section  for  a two-bodjr  reaction 

a + b-*’C  + d t 

with  unpolarlzed  incident  beam  Is  given  by 

do  _ 1 1 E|<XaXblM|Md>r‘^ 

dt  64i?^  (2sa+l)(2si,+l)  ^ 

where  s^»  are  the  spin  and  hellclty  uf  particle  1»  s and  k are  the 

square  of  the  c.a.  energy  and  the  beaL-  aonentum  respectively,  and  U Is  the  • 

scattering  amplitude  matrix  [22].  For  large  enough  values  of  the  impact 

. parameter,  can  be  approximated  by  an  expression  abtalned  from  the  Bom 

approximation  [see  Section  4,  reference  22]: 


For  smaller  Impact  parameters,'  in  the  region  where  b In  smaller  than  the 
target  radius  R,  the  above  relation  Is  no  longer  true  because  of  suppres- 
slcm  by  competing  channels,  and 


for  b«R. 


To  account  for  the  decrease  In  the  matrix  amplitude  a factor  Is  Introduced 
such  that, 

M^^jCb)  - n(b) 


where  q has  the  fora 

n(b)  - l_ . - 

•l+e>;p { {K-b) /cl] 

Here  R and  d are  the  target  radius  and  width  respectively,  which  are  assumed 
to  be  constant  for  all  channels  [22].  Up  to  now,  vs  have  seen  a description 
of  the  absorption  model  as  given  by  Dar,  Jackson  and  Gottfried  [23,24].  The 
model  of  A.  Dar,  T.L.  Watts,  and  V.  Welsskopf  >wdif5.es  this  concept  by 
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allowing  R and  d to  be  functions  of  s,  the  squared  c.q.  energy.  Their  new 
assuaptlon  la  that  the  radius  R(s)  and  the  width  d(s)  are  slowly  increasing 


functions  of  s.  R(s)  takes  the  fora, 

R(s)  > 1 log  £ , 
a,  8 

was  determined  experinentally  to  be,  a^  3 0.73GeV.  R(s)  is  given  in 
units  of  fermls  with  Koc^l,  and  d(s)  takes  on  a sinilar  relation,  being 
linearly  dependent  upon  log  s [22].  This  relationship  is  suggested  for 
two  reasons.  Firstly,  at  higher  energies  more  competing  channels' ace  open, 
and  their  influence  reduces  the  amplitude.  Secondly,  the  exchange  ampli- 
tude for  mesons  that  are  as  yet  unknown,  may  become  important  at  higher 
energies. 

With  these  assumptions  then  the  absorption  model  makes  predictions 
for  do/dt  based  on  the  two  parameters  R(s)  and  d(s). 

C.  COMPARISON  WITH  EXPERH-IENTAL  DATA 

'l^igure  22  shows  a plot  of  the  experimental  do/dt:  compared  with  the 

model  prediction.  Figures  23  to  25  show  plots  of  the  various  density  matrix 
elements  with  their  corresponding  theoretical  predictions.  The  theoretical’ 
calculations  were  done  with  the  help  of  a FORTRAN  program  called  ABSOR 
developed  by  T.L.  Watts  and  associates  at  MIT.  Coupling  constants  for  the 
upper  and  lower  vertices  were  needed  fcr  the  calculations.  They  were  obtained 


bv  usine  the  relations 


In  these  equations,  p Is  the  decay  monentuB  of  the  decay  particles  In  the 
resonance  rest  frane  and  F Is  the  full  width.  The  values  for  the  coup- 
ling constauts  were  found  to  be, 

g*/4ir  ■ 2.69,  upper  vertex, 
g2/4tt  “ 0.279,  lower  vertex.  . 

The  values  for  R(s)  and  d(s),  using  events  obtained  through  the 
Prism  Plot  analysis,  vere  determined  by  taking  those  parameters  that 
gave  a le^t  chi  squared  fit  between  the  experimental  and  theoretical 
distributions  of  do/dt.  With  s«11.78  GeV*,  they  were  found  to  bet 

R - 1.042  ± .012  fermi 
d «•  0.040  ± .02  fermi.- 

Values  for  R(s)  and  d(s)  were  additionally  obtained  by  using  events 
from  the  rapidity  analysis  discussed  earlier  and  finally,  from  a sample 

I 

of  events  obtained  by  making  simultaneous  mass  cuts  for  the  A and 
resonances.  The  final  values  for  the  cluster' analysis  events  were  deter- 
mined^ to  bet, 

R » l.il  ± .02  fermi  . 

d " 0.03  ± .02  fermi. 

For  the  mass  cut  events  the  results  were: 

R - 1.03  + .02  fermi 
d “ 0.03  ± .02  ferr-il. 

CONCLUSIONS.  . 

A graph5''al  comparison  between  the  theoretical  predictions  for 
R and  d and  the  values  calculated  from  the  Irisra  Plot  events  is  shown  In 
Figure  26 • As  can  be  seen,  the  theoretical  predictions  for  R and  d 
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are  0.9  fexml  and  0.12  ferml  respectively.  The  most  reasonable  explanation 
for  this  discrepancy  between  the  calculated  and  predicted  values  may  be  an 
assumption  made  in  the  model  that  R and  d are  independent  of  the  type  of 
exchange  particle  involved  in  the  Interaction.  The  linear  theoretical 
projections  for  R and  d shown  in  Figure  26  had  been  arrived  at  by  fitting  the 
calculated  values  from  the  interaction, 

it“p  ■*  TT^n, 

at  several  different  energies.  This  reaction  involves  p exchange.  It 
would  seem  likely  then,  from  the  data  shown  here,  that  the  absorption  radii 
for  p exchange  may  not  necessarily  be  the  same  as  the  radii  for  Interactions 
with  other  exchange  particles. 

To  follow  up  on  this  conjecture  a similar  analysis  was  done  on  data 
using  a plon  beam  of  3.9  GeV/c.  The  partial  cross  section  for  the 
channel  at  this  momentum  was  determined  to  be  1.50  ^ .04  mb[29].  By  the 
methods  described  above  the  following  values  were  obtained: 

^ . R =*  .985  - .007f 

d * .08  - .02f 

These  values  are  also  shown  plotted  on  Figure  26.  Since  the  differential 
cross  section  is  very  Insensitive  to  changes  in  d,  little  can.  be  said  here 
about  the  behavior  of  d for  different  values  of  the  cm  energy.  However,  the 
values  of  R do  seem  to  be  consistantly  high  compared  to  the  predicted  values 
of  R.  Many  more  experimental  points  will  be  needed  of  course,  but  there  is 
a good  possibility  that  R values  in  pion  exchange  reactions  are  also  linearly 
proportional  to  log  s,  but  larger  than  Che  R values  for  corresponding  values 
of  s,  for  the  p meson  exchange  process. 
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In  any  case.  It  Is  obvious  that  the  Dar-Watts-Welsskopf  Absorption 
Model  provides  an  excellent  Interpretation  for  the  data  presented  here.  It 
should  be  noted  here  also  that  the  fitted  t distribution  for  the  Prism 
Plot  sample  provided  a minimum  chi  squared  approximately  one  third  as 
large  as  either  the  cluster  analysis  sample  or  the  mass  cut  sample.  It  - ' 
seems  likely  that  absorption  radii  are  larger  for  pion  exchange  reactions 
than  for  rho  meson  exchange  processes,  however,  further  investigation  is 
needed  to  find  out  more  quantitatively  how  the  absorption  radii  behave 
for  various  values  of  the  cm  energy. 
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